Background: The endovascular treatment of abdominal aortic aneurysms has become more common. A careful comparison of this technique with the established treatment by open surgery is needed before it can be more widely adopted.
T he incidence of large-vessel aneurysms is 40 per 100 000 population. An aneurysm is an increase in the diameter of the aorta to more than 3 cm (1, 2). The abdominal aorta is affected in 60% of all patients. While 95% of these aneurysms begin below the renal arteries, the renal arteries are involved in only 3% of cases, and the visceral segment in only 2%. Men suffer large-vessel aneurysms six times more frequently than women (2, 3) .
Aneurysms can rupture. The risk of rupture depends on the axial diameter of the aneurysm. The risk is approximately 3% for diameters of 4.0 to 4.9 cm, 10% for diameters of 5.0 to 5.9 cm, 15% for diameters of 6.0 to 6.9 cm, and 60% for diameters of more than 7 cm (4, 5) . A further risk factor is the aneurysm's growth rate. If growth over six months is more than 0.5 cm, the risk of rupture must be considered high. Asymptomatic aneurysms that grow by more than 0.5 cm over six months or are more than 5.5 cm in diameter should therefore be electively treated. Symptomatic aneurysms should be treated within 24 hours, and ruptured aneurysms require emergency treatment (3, 6) .
Stent prostheses allow minimally invasive treatment of abdominal aortic aneurysms (AAAs) (Figure 1 ). Patients who are ineligible for open surgery as a result of a comorbidity or their age can now be treated with endovascular aneurysm repair (EVAR) with less risk. In particular, this includes patients with ASA (American Society of Anesthesiologists) classification III or IV, concomitant chronic obstructive pulmonary disease (COPD), or heart failure. Open aortic surgery requires cross-clamping while the aorta is reconstructed. Crossclamping increases cardiac afterload and is the main cause of cardiac ischemia or cardiac decompensation during surgery or in the immediate post-operative period. EVAR avoids this cardiac afterload.
Endovascular treatment has also further reduced the perioperative mortality rate of open surgery (7) (8) (9) . The introduction of stent prostheses also seems to reduce the risk of death caused by aneurysm rupture (10) .
However, the endovascular method must be measured against the established but invasive procedures of open surgery. Further developments since the introduction of endovascular treatment and the use of modern, third-generation prostheses that have resulted from it allow increasingly widespread use of endovascular treatment. As a result, increasingly frequently physicians have to decide which procedure to recommend to a patient. For a patient with a low surgery risk profile whose aortic aneurysm meets the morphological requirements for EVAR (Figure 2) , EVAR and open surgery are competing treatment options (11) . What data can be used as the basis for a treatment decision, and what problems may arise after the implantation of a stent prosthesis in the abdominal aorta or after open surgery?
The principle of endovascular treatment for abdominal aortic aneurysms Endovascular aneurysm removal is based on the principle of excluding an aneurysm using a stent prosthesis. Modular bifurcated prosthesis systems are usually used. This reduces the pressure in the aneurysm sac and prevents aneurysm rupture. In order for the procedure to be performed, it must be possible to anchor the endoprosthesis securely outside the aneurysm, proximally and distally. The main body consists of a Y-shaped bifurcated prosthesis with one long and one short leg. The short contralateral leg is lengthened using a contralateral tube graft. The individual components are inserted along the femoral arteries using an unloading system, under x-ray surveillance, and then released. Because of the morphology of aneurysms, this technique is not suitable for all cases. The neck of the aneurysm must have a length of at least 15 mm to act as the anchoring zone, and the diameter of the neck must not exceed 30 to 34 mm. In addition, this zone must present a normal aortic wall with no significant thrombotic plaque formation and moderate kinking. The distal landing zone must have a diameter of no more than 20 mm and should be at least 30 mm long. The stent prosthesis begins directly at the outlet of the renal arteries and ends before the iliac bifurcation. Its total length is therefore approximately 15 to 20 cm (Figure 1 ).
Outcomes following stent implantation in the abdominal aorta
Outcomes following EVAR from four prospective, randomized multicenter trials have been published to date. Long-term data are provided by the UK Endovascular Aneurysm Repair trial (EVAR 1) (9) and the Dutch Randomized Endovascular Aneurysm Management trial (DREAM) (12) . In addition, medium-term outcomes are available from the Open versus Endovascular Aneurysm Repair trial (OVER, USA) (13) and the Anévrisme de l'aorte abdominale: Chirurgie versus Endoprothèse trial (ACE, France) (14) . The general characteristics of these four trials are summarized in Table 1 .
30-day mortality and long-term survival
The overall 30-day mortality rate is shown in Table 1 . This shows that endovascular aneurysm removal was the superior treatment in the DREAM (EVAR 1.2%
FIGURE 1 Endovascular aneurysm repair (EVAR):
The endovascular procedure is performed under general or local anesthesia. Following systemic heparin administration, both femoral arteries are punctured using the Seldinger technique and sluices are inserted. The main body of the endoprosthesis is inserted along a guide wire and released via a pigtail catheter directly underneath the renal artery, under angiography surveillance. The main body is released as far as the aperture of the contralateral leg. In the next step, the contralateral leg must be probed. The ipsilateral leg is now released completely. The stent prosthesis must not cover the ostium of the internal iliac artery at this point. The contralateral leg is extended using an endoprosthesis. Before this, the outlet of the internal iliac artery is also angiographically depicted, in order to prevent the ostium from being covered. Next comes a final angiography. The procedure is completed by removing the wires and sluices and closing the puncture sites versus OAR 4.6%) (12), EVAR 1 (1.7% versus 4.7%) (9) , and OVER (0.2% versus 2.3%) (13) trials, with a significant reduction in the risk of death within 30 days. In the French ACE trial, endovascular treatment (1.3%) could not surpass the excellent outcomes of open AAA removal, which yielded a 30-day mortality rate of 0.9%. The difference between the two groups was not statistically significant, however (14) . Comparison of the 30-day mortality rates in all four studies yields an approximately threefold risk reduction (according to the odds ratio) for EVAR ( Table 1) .
As stated above, in the DREAM, EVAR 1 and OVER trials there was an initial survival advantage for endovascular AAA treatment as a result of its lower 30-day mortality rate. In both EVAR 1 and DREAM, this advantage had been lost by the end of the trial (EVAR 1: 8 years; DREAM: 7 years). The authors of EVAR 1 attribute the EVAR group's cumulative longterm survival rate in part to fatal endograft ruptures (9) . Of a total of 25 patients who suffered ruptures following EVAR (3.9% of all patients randomized in EVAR 1), 18 died. No long-term outcomes for the other two trials (OVER and ACE) are yet available. Unlike the EVAR 1 and DREAM trials, in the OVER trial the Kaplan-Meier curves are parallel to each other: In other words, the EVAR group's initial advantage of its significantly better 30-day mortality rate is not lost over the following 24 months. However, after two years the difference in the cumulative survival rate is no longer significant (13) . Three-year outcomes for the ACE study are available. Unlike in the other three trials, in the ACE trial open surgery begins with the advantage of a lower 30-day mortality rate (though the difference is not significant). After a median follow-up period of three years, there was no difference between the cumulative survival rates of the two groups of patients (14) .
The data from all four trials show that the original perioperative difference in survival between the two treatment methods is no longer detectable after approximately two years. This is caused by endoprostheses' comparatively high long-term complication rate and the problems that result. However, the trials did not record long-term consequences of open aneurysm surgery, such as fistulas between the prosthesis and the intestine, erectile dysfunction, incisional hernias, abdominal adhesions, and surgery required as a result, making open surgery appear better in the long term. 
Follow-up treatment and complications following EVAR

Endoleaks
The most common cause of repeat interventions and treatment failure following EVAR is an endoleak (Table 2 ). An endoleak is a persistent flow of blood in the aneurysm sac, outside the endoprosthesis (16). The incidence of endoleaks as stated in the literature varies greatly, but it may be above 30% (15) . Endoleaks are divided into five types according to etiology. All five are described in detail in Figure 3 . This classification can be used to assess the risk of secondary rupture and indicate treatment or monitoring.
Type I endoleaks have a frequency of up to 10%. They may occur either immediately after implantation or subsequently (15) . Because type I endoleaks pose a high risk of rupture, treatment is recommended in all cases. In almost all cases, these endoleaks can also be corrected endovascularly. If endovascular treatment proves unsuccessful, open surgery to remove the aneurysm and explant the endoprosthesis must be performed.
Type II endoleaks occur perioperatively in between 15% and 20% of cases. After one year, the type II endoleak rate spontaneously drops to 5% to 10% (15) . "Indirect" endoleaks of this kind are usually fed via lumbar segment arteries or the inferior mesenteric artery. Type II endoleaks are treated conservatively provided the aneurysm sac does not grow, or even shrinks, during treatment. An increase in the size of the aneurysm sac represents treatment failure and must be treated if there is evidence of a persistent type II endoleak. Treatment is recommended if the diameter of the aortic aneurysm increases by more than 10 mm (17). In almost all cases, this can successfully be performed using various minimally invasive embolization methods. The inferior mesenteric artery, which is often the cause of a type II endoleak, can be coiled angiographically through the Riolan arc via the superior mesenteric artery. Similarly, under CT guidance the aneurysm sac can be punctured and the endoleak can be embolized using Histoacryl TM glue (18) (19) (20) . An alternative to this is laparoscopic retroperitoneal clipping of the lumbar arteries that feed the endoleak (21) . Type III and IV endoleaks are now rare, thanks to the use of the latest generation of stent prostheses; they can usually be treated endovascularly.
An aneurysm sac that is under pressure even after EVAR and has no detectable endoleak is called an endotension. Endotensions are classified as type V endoleaks (22) . The details of their underlying mechanism are not yet clear. One suspected cause is transmission of pressure via the thrombus or an endoleak that cannot be visualized (22, 23) . Where no cause can be detected, treatment takes the form of open conversion if the aneurysm diameter increases (24) .
Aneurysm expansion following endovascular aneurysm repair
If an aneurysm has been removed using a stent prosthesis, a reduction in the aneurysm diameter can be observed during follow-up. If an expansion of the aneurysm can be observed after a stent prosthesis has been inserted, there is a potential risk of rupture (25) . This is usually caused by an endoleak (Figure 3) , and treatment must be considered to have failed. A multicenter data analysis (10 228 patients) showed that five years after EVAR an increase in aneurysm size could be observed in 41% of patients (26) . Interestingly, expansion 
30-day (total) mortality rate (%)
Odds ratio (95% confidence interval)
Cumulative 2-year survival rate (%)
Cumulative 6-year survival rate (%)
ACE (14)
March 2005 
Off-label use of endoprostheses
Unlike open surgery, in order to be treated safely with EVAR aneurysms must meet certain morphological requirements-these include suitable iliac access routes, proximal and distal landing zones, wall structure, thrombus load, and aortic shaft angle-in order to guarantee secure implantation of commercially available standard prostheses. The various types of commercially available prostheses have different configurations, so the user can select the most suitable prosthesis for the patient according to anatomical requirements. Manufacturers provide usage restrictions and limitations for their stent prostheses. These instructions are based on preclinical tests and simulations and are derived from the engineering-related development of prostheses. The clinical trials that must be conducted as part of the authorization procedure for stent prostheses involve strict patient selection according to these instructions for use. Off-label use of stent prostheses occurs in everyday clinical practice in both Europe and the USA. It has been shown that only 42% of EVAR patients meet the recommended morphological requirements according to the industry's instructions for use. Such off-label use of prostheses has been identified as one of the significant independent risk factors for aneurysm sac expansion following EVAR (26).
Rupture following endovascular aneurysm repair
Analysis of the data of UK EVAR trials 1 and 2 showed that in 27 of 848 patients who received elective EVAR treatment as part of these prospective trials, aneurysm rupture occurred after an average of 4.8 years (25) . In five of these patients, rupture occurred within 30 days of EVAR. A total of 18 (67%) of the 27 patients died as result of the rupture. Type I endoleaks, type II endoleaks with sac expansion, and type III endoleaks with stent migration or kink formation were identified as independent, extremely significant (p<0.0001) risk factors (hazard ratio 8.83). In three patients, rupture occurred despite optimum aftercare and no identifiable cause. In all other patients, there were either identifiable causes for the rupture (endoleaks, sac expansion, etc.) or CT monitoring was incomplete. The authors therefore deduce that it is better to treat direct endoleaks aggressively. Regular monitoring is essential after EVAR to identify such complications early.
Recommendations for aftercare following endovascular aneurysm repair
The mortality rate for post-EVAR rupture is high (above 60%). However, the complications after EVAR that lead to secondary aneurysm rupture can be identified using appropriate imaging procedures, with only a very few exceptions (25) . Checkups must assess the following:
• Aneurysm sac dynamics (shrinking, expansion)
• Endoleaks (presence, type)
• Position of individual stent graft components (migration, dislocation). The current gold standard for the follow-up examination is CT angiography (17) . In addition to its advantage of being a very quick procedure, this method also provides detailed information on all the points listed above (27, 28) . Two-phase CT angiography, with an arterial phase and a second, delayed phase, makes it possible to identify and classify almost all endoleaks. The disadvantage of this method is the radiation burden that accumulates over time and the iodinated, nephrotoxic contrast agent (29, 30) . In order to reduce the burden of CT angiography on EVAR patients, annual contrast ultrasound checkups can be performed, in order to determine aneurysm sac size and to evaluate endoleaks. It seems possible that this may allow endoleaks to be identified with the same sensitivity (31) . However, conventional two-plane abdominal x-ray must be performed in addition to ultrasound examination, in order to monitor the location of stent graft components (32) . Another option, to reduce the cumulative dose of radiation following EVAR, is magnetic resonance angiography (MRA) (33). 
Conclusion
The introduction of endovascular treatment of aortic aneurysms has led to a reduction in perioperative mortality and morbidity and is possible even in cases in which open surgery is not suitable as a result of concomitant illnesses. Although in randomized trials comparing it to open surgery the difference in survival rate can no longer be identified after two years, its high levels of acceptance by patients and physicians are leading to increasing use of endovascular treatment. In the long term, however, endovascular aortic prostheses are associated with a higher rate of complications, whereas open aortic surgery seems to cause fewer complications. Regular checkups are therefore currently recommended following EVAR, in order to identify complications early. Endoleaks: Type I: These endoleaks are caused by leakage from the proximal anchoring (type Ia) or distal anchoring (type Ib) and require treatment. They can be caused by incorrect prosthesis selection with insufficient oversizing of the prosthesis, implantation errors, or secondary migration of the stent prosthesis.
Type II: The aneurysm is further perfused via lateral branches (e.g. the lumbar artery or inferior mesenteric artery). This is the most common type of endoleak and is observed in up to 15% to 20% of cases at the first checkup following prosthesis implantation. Type II endoleaks initially require only monitoring but must be treated if checkups reveal an increase in aneurysm diameter. In many cases, the arteries close spontaneously.
Type III: The aneurysm sac is further perfused by the overlap zones of individual stent prosthesis components. This can be closed using balloon angioplasty or stent angioplasty of the docking zone.
Type IV: Blood can escape into the aneurysm sac through stent material. This type of endoleak is now rare as a result of improved stent prostheses.
Type V: Checkups reveal an increase in aneurysm diameter, but no contrast substance can be detected outside the stent prosthesis. This is thought to be caused by a remaining increase in pressure following endovascular aneurysm repair.
